Objectives: The aim of the present study was to develop a robust and easy to use high performance liquid chromatography (HPLC) to analyze 25(OH)D3 in human serum. Background: Vitamin D is a fat-soluble steroid hormone precursor that is mainly produced in the skin by exposure to sunlight. It is also supplied in the diet and plays a pivotal role in calcium homeostasis and skeletal metabolism throughout life. Methods: To assess its analytical performance, we used the RECIPE HPLC Complete Kit and an HPLC-UV instrument. Our HPLC results were compared with a validated electrochemiluminescence method. Results: The method was linear for the lower limit of quantification from 3 ng/l up to at least 200 ng/l for 25(OH) D3, with the following equation for the regression line: y = 0.172 X + 2.45 (R 2 = 0.989). Intra-assay precision was determined by extracting and quantifying 10 serum replicates from one patient. The mean was 37.875 ng/ml, the standard deviation was 0.22, and the coefficient of variation was 0.58%. Comparisons of results demonstrated good agreement between HPLC and ECL methods (R 2 = 0.883).
Background
Vitamin D, a fat-soluble steroid hormone produced in the skin by exposure to sunlight or supplied via dietary sources, plays a vital role in skeletal metabolism and calcium homeostasis throughout life (Prentice et al. 2008 ). Vitamin D is important for the function of the cardiovascular, immune, and reproductive systems (Norman 2008; Dusso et al. 2005) . Vitamin D deficiency has been implicated in various cancers (Buttigliero et al. 2011) and cardio-vascular (McGreevy and Williams 2011) and autoimmune diseases (Ascherio et al. 2010) . In recent years, clinical findings showed that low vitamin D levels are associated with various non-skeletal diseases. This condition led physicians to assess vitamin D concentrations in their patients (Holick 2007; Wang 2009 ). Also, vitamin D deficiency is a common cause of secondary hyperparathyroidism. Elevated parathyroid (PTH) levels, especially in elderly vitamin D-deficient adults, can result in osteomalacia, increased bone turnover, reduced bone mass, and risk of bone fractures. Low 25-OH vitamin D [25(OH)D] concentrations are also associated with decreased bone mineral density. Factors contributing to low vitamin D levels include low dietary vitamin D intake, lack of exposure to sunlight, and other variables (El-Khoury et al. 2011) . Clinical trials have shown that oral vitamin D supplements reduce fractures (Bischoff-Ferrari et al. 2009 ).
Vitamin D is biologically inert and must undergo two successive hydroxylations in the liver and kidney to become biologically active 25(OH)D. Then, active 25(OH)D is released into the circulation and connected to vitamin D binding protein (DBP) (Ascherio et al. 2010) . The activity of this enzyme is regulated by numerous factors including parathyroid hormone levels and serum calcium and phosphorus (Holick 2007) . One form of vitamin D, produced in skin via a photochemical reaction with 7-dehydrocholesterol, is cholecalciferol (vitamin D3) (Prentice et al. 2008 ). Another form is ergocalciferol (vitamin D2), which is derived from plants and used as a supplement.
The most useful marker for vitamin D status in plasma is 25-hydroxyvitamin D3 [25(OH)D3], which is formed in the liver from its precursor, vitamin D3 (Bruce et al. 2013 ). In the past two decades, analytical methods developed to identify vitamin D3 include capillary electrophoresis (Shi et al. 1995; Delgado-Zamarreno et al. 2002) , spectrophotometry (Tütem et al. 1997) , fluorimetry (Pérez-Ruiz et al. 1999) , colorimetry (Amin 2001), and immunochemical and chromatographic methods (Heudi et al. 2004 ). Due to their simplicity and expediency, immunochemical methods are most often used to measure vitamin D concentrations (Wallace et al. 2010) . The limitation of these methods is the cross-reactivity of the antibodies and their inability to differentiate between vitamins D2 and D3 with 25(OH)D metabolites (Stepman et al. 2011) . The chromatographic methods require highly skilled laboratory personnel and are more accurate and reliable than the immunochemical methods. These methods show excellent analytical performance including precision data, stability, limit of quantization (LOQ), linearity, and average recovery and selectivity.
The aim of the present study was to develop a robust and easy-to-use HPLC method to analyze 25(OH)D3 in human serum. Additionally, we compared the HPLC results with those determined by electrochemiluminescence (ECL). This information is useful for physicians, clinical laboratory scientists, and producers of vitamin D reagents.
Methods

HPLC method Reagents and standard
The reagents and standards used were HPLC grade. Acetonitrile (CH 3 CN) and methanol were obtained from Sigma. Serum calibrators (cholecalciferol) and controls (levels I, II, and III) for 25(OH)D3 were purchased from RECIPE (ClinChek). The commercial lyophilized serum controls and calibrators (90 μg/ml) were reconstituted in water according to the manufacturer's instructions, aliquoted, and stored at − 20°C. The vitamin D concentrations in the serum samples were determined using RECIPE's HPLC complete kit. All procedures followed were in accordance with the ethical standards of the Committee on Human Experimentation Mashhad University of Medical Science (MUMS). Informed consent was obtained from all patients in the study.
Instrument and procedure
An Agilent 1100 series HPLC system equipped with a UV detector was used for the chromatographic analysis. The analytes were separated on a Hector-M C18 4.6 × 150 mm analytical column with 5.0 μm particle size. The mobile phase consisted of 90% acetonitrile and 10% methanol used in isocratic elution mode with a flow rate of 1.0 ml/min. Samples were injected using a six-port injection valve equipped with a 20 μl loop. Results were read at a wavelength of 264 nm. Data were collected and quantitated using HPLC 1100 software.
To prepare samples, we dispensed 400 μl of serum (calibrator, control, or patient sample) into 2 ml test tubes; then added 400 μl each of the precipitation and extraction reagents to the tube. The tubes were vortex-mixed for 10 s to obtain a flocculent precipitate and centrifuged at 10,000 RCF for 5 min. The clear supernatant was decanted into a 10 ml glass vial, capped, and placed in the autosampler unit of the HPLC apparatus. The extract was stable for at least 2 days at room temperature. The software calculated retention time for peak identification and peak height ratio for quantification.
Electrochemiluminescence method Reagents and standard
The Elecsys Vitamin D3 kit (Roche) and Cobas analyzer were used to measure of 25(OH) D. The kit contains streptavidin-coated microparticles (0.72 mg/ml), reaction buffer (acetate buffer 220 mmol/l, pH 3.9, albumin 2 g/l), polyclonal anti-25(OH)D3 antibody labeled with ruthenium complex 1.5 mg/l, biotinylated 25(OH)D 0.15 mg/l, and phosphate buffer 20 mmol/l, pH 6.5. The Elecsys Vitamin D3 reagent kit was stored upright to ensure complete mixing of the microparticles before use. After opening, the kit reagents are stable for at least 1 week at 2-8°C.
Instrument and procedure
A Hitachi Cobas e 411 electrochemiluminescence system was used to measure 25(OH)D3. The assay utilizes a 2-step 18-min incubation process. In step 1, 25(OH)D3 in a 35 μl sample competes with the biotin-labeled vitamin D in the complex contained in biotin-vitamin D/ polyclonal 25(OH)D-specific ruthenium-labeled antibody. In step 2, streptavidin-coated microparticles are added and the complex attaches to the solid phase via the biotin-streptavidin interaction. The reaction mixture is aliquoted into the measuring cell and then unbound material is removed with Procell. Finally, chemiluminescent emission is induced and measured with a photomultiplier. Results are determined via an instrument-generated calibration curve by 2-point calibration and a master curve via the standard reagent.
Results and discussion
Typical HPLC chromatograms of calibrator and patient samples are shown in Fig. 1 . The retention time for 25(OH)D3 was 4.6 min, and the total analysis time was 8.0 min, typical for conventional HPLC assay. The analytical performance was evaluated by the precision data, stability, limit of quantization (LOQ), linearity, and average recovery for 25 (OH) D3 using commercial calibrator serums. The analytical accuracy was estimated at 25 and 90 ng/ml and their percent relative errors were 1.004 and 1.03%, respectively. The method was linear for the lower limit of quantification (LLQ) from 3 ng/l up to at least 200 ng/l for 25(OH)D3, with the following regression line equation: y = 0.172 X + 2.45 (R 2 = 0.989). Analyses of standard, control, and serum samples showed that the 25(OH)D extract remained stable at room temperature for 2 days. Stability results from three patient samples are shown in Table 1 .
In a precision study (n = 10) using patient sera at 38 ng/ml for 25(OH)D3, the mean concentration was 37.875 ng/ml, the SD was 0.22, and the CV was 0.58%, indicating the high precision of our method.
The analytical recoveries for 25(OH)D were performed by adding a standard to the patient samples. The vitamin D concentration in the patient sample was 58 ng/ml. This sample was selected for recovery analysis. After recovery, 100 μl of the patient sample was added to 300 μl of the 90 ng/ml vitamin D standard. The average vitamin D concentration in the serum sample was 83.25 ng/ml. The average recovery rate obtained was 99.1% (SD = 1.47%). Thus, this chromatographic system is suitable for quantitative determination of 25(OH)D3. Figure 2 shows the chromatograms before and after recovery. 25(OH)D concentrations in 114 serum samples were analyzed by HPLC and compared with those obtained by electrochemiluminescence. The results were similar for the two methods (n = 114; R 2 = 0.883) (Fig. 3 ).
In the last two decades high vitamin D deficiency rates have been reported in adults and children worldwide (Galunska et al. 2014) . Therefore, many researchers and physicians have tried to estimate vitamin D status (Galunska et al. 2014) . With the expansion of the vitamin D tests, differences increased in testing methodologies, standards, reference ranges, and interpretation of results (Carter 2009 ). Measurement of vitamin D metabolites in plasma is challenging because they are lipophilic, tightly bound to DBP, and at very low concentrations, i.e., in the nanomolar range for 25(OH)D2 and 25(OH)D3 (Shimada et al. 2001; Ding et al. 2010) . Immunoassay methods measure total metabolite concentration and cannot distinguish between the D2 and D3 forms. In addition, 25(OH)D cross-reacts with 24,25(OH)2 D3 (de Castro et al. 1999; Lind et al. 1997) . Currently, however, immunochemical assays are routinely used in laboratories due to their convenience, speed, turnaround, and cost-effectiveness (Stepman et al. 2011; Guo et al. 2006) . Liquid chromatograph/mass spectrometry (LC-MS/MS) is widely used as the reference method (Carter 2009 ) and is a reliable diagnostic tool able to distinguish 25(OH)D2 from 25(OH)D3 (Krasowski 2011; van den Ouweland et al. 2010) . Although LC-MS/MS can be the premier method, most clinical laboratories do not use this technique because of the substantial cost and need for highly trained operators (Lensmeyer et al. 2006 ). In contrast to the LC-MS/MS, with its expensive instrumentation and requirement for considerable technical expertise, HPLC is less technically demanding and less expensive (Lensmeyer et al. 2006) . With HPLC, a simple sample preparation procedure of protein precipitation followed by liquid-liquid extraction ensures effective release of 25(OH)D from the binding protein (Galunska et al. 2014 ).
Conclusions
HPLC enables reliable quantification of both 25(OH)D3 and 25(OH)D2. The relatively short analysis time makes it useful for routine clinical laboratory practice. The HPLC procedure is the preferred technique for measuring these two metabolites due to its high selectivity and efficient analytical performance. Due to its rapid separation, high sensitivity, and accurate quantification, HPLC has become popular for the detection of vitamins in various matrices. 
